Impact of Process Parameters on the Laser-induced Nanoparticle Formation During Keyhole Welding under Remote Conditions  by Scholz, Tobias et al.
 Physics Procedia  56 ( 2014 )  477 – 486 
Available online at www.sciencedirect.com
1875-3892 © 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Bayerisches Laserzentrum GmbH
doi: 10.1016/j.phpro.2014.08.151 
ScienceDirect
8th International Conference on Photonic Technologies LANE 2014 
Impact of process parameters on the laser-induced nanoparticle 
formation during keyhole welding under remote conditions 
Tobias Scholza,*, Klaus Dickmanna, Andreas Ostendorfb 
aLaser Center (LFM), Muenster University of Applied Sciences, 48565 Steinfurt, Germany 
bChair of Applied Laser Technology, Ruhr-Universität Bochum,44780 Bochum, Germany   
Abstract 
The interaction between the vapor plume and the incident laser radiation affects remote laser welding. Relating to laser systems 
with an emitted wavelength around 1 μm, a significant loss mechanism can be traced back to the extinction by laser-induced 
particle formation. Due to the tight coupling between the particle formation and the evaporation rate inside the keyhole, the 
particle formation shows a strong dependence on the keyhole geometry and thus on process parameters (e.g. feed rate and laser 
beam power). In order to verify the relationship between particle formation and process parameters, the beam of a broadband 
LED was guided through the vapor plume during the welding processes with a fiber laser. The attenuated probe beam was 
analyzed in dependence on the wavelength. In addition, the propagation of the vapor plume was investigated by using high speed 
imaging. 
 
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction 
During laser material processing with high intensities on the work piece surface, a strong vapor formation can 
occur. Referring to the laser keyhole welding, the vapor acts on the melt. If the vapor pressure exceeds the surface 
tension of the melt, a keyhole is formed. After leaving the keyhole, the evaporated material expands in the ambient 
atmosphere. High evaporation rates and the propagation of the vapor plume in the ambient atmosphere result in a 
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heat exchange with the ambient atmosphere and a supersaturation of the vapor plume. A condensation process is 
initiated and nanoparticles are formed in the vapor plume. The incident laser radiation interacts with the vapor 
plume. Among other things, the interaction effects can cause changes in the intensity in the keyhole and thus can 
influence the keyhole stability. Investigations have shown that even small fluctuations of the laser beam power can 
lead to a collapse of the keyhole, see Klein et al. (1994). The interaction effects include refractive index fluctuations, 
inverse Bremsstrahlung and extinction by particles.   
 
Relating to a laser system with an emitted wavelength around 1 μm, it dominates the extinction of the incident 
laser radiation by particles, see Hansen and Duley (1994). If the particles are very small in relation to the wavelength 
of the incident laser radiation, the extinction process can be described by the Rayleigh approximation, see Bohren 
and Huffman (1998). Following the formulation of Bohren and Huffman, the extinction depends on two parts: the 
scattering and the absorption. The related cross sections are measures of the strength of the interaction mechanism 
between the incident laser radiation and nanoparticles. Fig. 1 shows the respective cross sections of iron 
nanoparticles up to a particle radius of 50 nm. Within the entire range of the presented particle radii, it becomes 
obvious that the dominant part can be traced back to the absorption of the incident laser radiation by particles. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Matsunawa et al. (1984) establish a relationship between the particle formation and laser material processing. 
They assume that the interaction between the incident laser radiation and ultra-fine particles can influence laser 
material processing. Scholz et al. (2012) relate to the effect of the particle formation on the ablation process of 
stainless steel with a single mode fiber laser. The results offer a reduction of the ablation speed due to the interaction 
between nanoparticles and laser radiation. Greses et al. (2004) show experimental results of the particle formation 
during the laser welding of mild steel with a 8 kW Nd:YAG laser and compare them with results from Tu et al. 
(2002). Tu et al. are concentrated on the particle formation during the laser welding with a 20 kW CO2 laser. The 
comparison between these two particle formation processes points out that the particle formation during the laser 
welding with the Nd:YAG laser offers higher average particle sizes. In addition, Greses et al. (2004) summarize that 
the particle formation in the vapor plume leads to a significant attenuation of the incident laser radiation. 
Michalowski et al. (2007) also confirm that the interaction between the laser radiation and formed particles can 
influence the laser welding process. As part of the presented experimental work, three probe laser beams with 
different wavelengths were guided through the vapor plume. Based on the relation between the transmitted parts of 
the probe laser beams, the particle sizes were determined. The results show that the particle diameters are between 
115 nm and 192 nm during the laser welding of stainless steel with a 3 kW thin disk laser. They conclude that 
especially for laser remote processing the interaction between the laser radiation and the vapor plume can decrease 
the laser beam power in the interaction zone. Shcheglov et al. (2011) relate to the plume attenuation during high 
power laser welding of mild steel plates with a feed rate of 2 m/min. A probe laser beam was directed through the 
Fig. 1. The scattering and absorption cross section of iron particles in relation to the particle radius. The theoretical results refer to a wavelength of 
1100 nm. 
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vapor plume to investigate experimentally the interaction between the laser radiation and the evaporated material. 
On this basis, a theoretical determination of the plume attenuation of the incident fiber laser radiation was carried 
out. The results point out that the vapor plume has a width of 30 mm and a height of 70 mm during the laser welding 
by using a laser beam power of 5 kW. The calculated value presents that the incident fiber laser radiation undergoes 
a relative attenuation of about 9 %. 
 
In conclusion, the previous findings show that a significant particle formation can occur during laser welding of 
metals. Especially relating to laser remote processing, the particle formation can influence the process quality and 
stability. But most investigations which deal with the particle formation during laser welding refer only to a specific 
parameter setting of the used laser processing system. In order to verify in detail the impact of the particle formation 
on laser remote welding, it is necessary to carry out further investigations on the relation between the particle 
formation and process parameters. Therefore, according to previous findings and results, this work is concentrated 
on the evaluation of the connection between the particle formation and the laser beam power and the feed rate during 
the laser welding of stainless steel. On the one hand, the beam of a cold white LED was directed through the vapor 
plume during the welding process and the attenuated part of the LED beam was analyzed in dependence on the 
wavelength. On the other hand, high speed recordings of the vapor plume formation and propagation were examined. 
Within the presented work, a 2 kW fiber laser was used. No shielding or assist gas support was applied in the 
interaction zone so that the experiments were performed under laser remote conditions.   
 
2. Material and methods 
2.1. Processing system, material and test pieces 
A multimode fiber laser with a maximum laser beam power of 2 kW was used. The laser was implemented in a 
3-axis work station. By using a focusing lens with a focal length of 150 mm, the diameter of the beam focus was 
180 μm. During the experimental work, the focus of the fiber laser beam was 1 mm over the test piece surface and it 
followed a related beam diameter of 200 μm on the material surface. Within this investigation, the laser beam power 
was varied between 1 kW and 2 kW, whereas the particle formation in relation to the feed rate was investigated 
between 600 mm/min and 1400 mm/min. 
 
The used test pieces consist of plates with an edge length from 30 to 80 mm and a thickness of 4 mm. The 
investigation was concentrated on stainless steel (type 1.4301). Relating to laser material processing with high 
intensities in the interaction zone, the threshold intensity above which a steady state evaporation process takes place 
is 1 MW/cm², see Allmen and Blatter (1995). With the used configuration, the intensities on the workpiece surface 
were between 3.2 MW/cm² and 6.4 MW/cm². Cross sections of the weld seams also confirm that the experiments 
were carried out in the area of laser keyhole welding.  
 
2.2. Rayleigh approximation 
The interaction between electromagnetic radiation with a wavelength ȜL and small particles can be described by 
the Rayleigh approximation. Based on approximately spherical particles with a radius rp, small means that it must 
fulfill the following condition: 
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The attenuation of the intensity of the incident beam caused by the interaction with a particle collective is given 
by the Lambert-Beer Law 
 
(2). 
 
IT is the transmitted part of the intensity which passes through the particle collective, I0 the incoming intensity, L 
the optical path length through the particle collective, N the particle density and Cext the extinction cross section. 
Here, Cext consists of two parts: the scattering and the absorption cross section Csca and Cabs. Following the 
formulation of Bohren and Huffman (1998), the cross sections are given by 
 
 
(3a) 
 
 
 
 
(3b). 
 
 
 
m(ȜL) is the ratio between the refractive index of the particles and the surrounding medium. Within the presented 
investigation, it was assumed that the refractive index of the particles is equal to the refractive index of iron, see 
Clemens and Jaumann (1963). Looking closely at the interaction cross sections for particle sizes up to 50 nm, it 
becomes clear that the dominant process can be traced back to the absorption (see fig. 1). Results of previous work 
show that during the laser welding process with a feed rate of 1000 mm/min in combination with a laser beam power 
of 1.6 kW the average particle radius is 15 nm, see Scholz et al. (2014). Consequently, with regard to the given 
parameter range, the scattering cross section was neglected and the extinction cross section was reduced to the 
absorption cross section.   
 
As part of the experimental work, the relative attenuation of a probe beam in the vapor plume was analyzed (see 
chapter 3.2). In consideration of the relative attenuation and by substituting equation 3b in 2, it results in the 
following relation 
 
 
 
 
(4). 
 
Equation 4 consists of three parts: The first part is on the left side of the equation. It includes the measured 
relation between the transmitted and incident intensity of the probe beam. The second part combines the 
characteristic values of the particle formation (particle density, the average particle volume and the optical path 
length of the probe beam through the vapor plume). The third part considers the given parameters wavelength and 
refractive index. In summary, equation 4 can be described by a straight line passing through the origin 
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The relations of the variables X,Y and the slope ǻs are given in the following 
 
 
(6a) 
 
 
 
 
 
(6b) 
 
 
 
(6c). 
 
 
3. Experiment
3.1. Propagation of the vapor plume 
Equation 5 describes the relation between the attenuation of the incoming probe beam and formed particles. 
Among other things, this relation depends on the product of particle density, average particle volume and the optical 
path length of the probe beam through the vapor plume. They are combined within the variable ǻs (see equation 6c). 
In order to compare the particle formation during welding processes with different process parameters, an evaluation 
has to be performed independently of the optical path length of the probe beam. For this purpose, high speed 
imaging of the vapor formation was analyzed. Fig. 2 shows a schematic of the experimental setup.  
 
Fig. 2. Schematic of the experimental setup to investigate the propagation of the evaporated material in the ambient atmosphere with a high speed 
camera. The workpiece moved along the optical axis of the high speed camera. 
For the interaction zone to be fixed in relation to the high speed camera, the test piece moved perpendicularly in 
relation to the incident direction of the fiber laser beam. The focus of the fiber laser beam was 1 mm over the test 
piece surface. The vapor plume spread in the ambient atmosphere. Here, the optical axis of the camera was 
perpendicular to the incident direction of the fiber laser to capture front view images of the vapor cloud. A 
protective window was placed in front of the camera. On the one hand, the camera lens was thus protected against 
melt expulsion and evaporated material. On the other hand, incident of scattered fiber laser radiation on the camera 
sensor array was prevented by the optical transmission properties of the protective glass. The recordings were 
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carried out with a frame rate of 3 kHz. It was used a short exposure time of 12 μs to prevent over-exposure of the 
high speed images by the intense plasma irradiation.  
 
 
Fig. 3. Front view of the propagation of the vapor plume during the laser welding with a laser beam power of 1.8 kW. The fiber laser beam (thin 
white lines) is perpendicularly incident on the material surface and moves perpendicularly to the image plane. The investigation of the 
propagation of the evaporated material is based on two straight lines (thick white lines) which were fitted through the left and right edges of the 
vapor cloud. 
Due to the short exposure time, the images were thus focused on the area of the vapor cloud with the highest 
density and temperature. The rapid expansion of the vapor plume and the heat exchange with the ambient 
atmosphere lead to a cooling of the evaporated material. Consequently, there are evaporated material and 
nanoparticles above the area of the vapor seen on the high speed images. In order to determine the expansion of the 
vapor plume in dependence of the height over the material surface, two straight lines were fitted through the left and 
right edges of the vapor plume. On this basis, it was assumed that most of the vapor plume spreads approximately 
between these two lines. Fig. 3 shows an example of the determination of the propagation of the formed vapor.  
3.2. Particle formation  
Fig. 4 presents the experimental setup to investigate the particle formation. The beam of the fiber laser impacted 
on the test piece surface and moved parallel to the surface. At high intensities on the surface, a keyhole was formed, 
the evaporated material spread in the ambient atmosphere and the particle formation process was initiated. During 
the laser welding process, a probe beam was guided through the vapor cloud. It was used a cold white fiber-coupled 
LED as probe beam. This LED emitted thereby in the spectral range between 425 nm and 700 nm. The probe beam 
ran through the vapor plume and crossed perpendicularly the fiber laser beam. Due to the interaction between the 
probe beam and the formed particles, the probe beam was attenuated. An aperture was used to eliminate plasma 
radiation and to concentrate only on rays near the center of the attenuated probe beam. After that, the captured part 
of the attenuated probe beam was guided with a second optical fiber to the evaluation unit. Here, it was separated by 
dichroic mirrors and neutral beam splitters. Spectral filters were placed in front of each photodetector to carry out an 
analysis in dependence of the wavelength. With the used spectral filters, the evaluation was concentrated on the 
wavelengths 544 nm, 590 nm, 610 nm, 670 nm and 700 nm. The plasma radiation was detected with another 
photodetector as a trigger signal. The photodetectors were connected to a 12 bit data acquisition card with a 
maximum sampling rate of 25 MS/s and an onboard sample memory of 1 GS. 
 
The analysis of the detected signals was focused on the average particle formation rate in dependence on the 
process parameters laser beam power and feed rate. For this, the average attenuations during a laser welding process 
of each of the five considered parts of the probe radiation were determined. Based on the Rayleigh approximation 
(see chapter 2.2) and by a linear fit through the measured values, the slope ǻs was calculated. A detailed description 
of the procedure is presented by Scholz et al. (2014). A measure of the particle formation rate is the product of the 
particle density N and the average particle volume Vp. Taking into account the measured optical path length L of the 
probe beam through the vapor plume (see chapter 3.1) and under the assumption of spherical particles, the product  
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N  · Vp follows from equation 6c 
 
(7). 
 
 
 
Fig. 4. Schematic of the setup to investigate the particle formation during the laser welding process. The moving direction of the fiber laser beam 
is perpendicular to the image plane. The investigation bases on the attenuation of a probe beam by the interaction with formed particles. The 
probe beam is a cold white fiber-coupled LED. The evaluation unit of the setup consists of five photodetectors, wavelength selective dichroic 
mirrors, neutral beam splitter and spectral filters. 
4. Results and Discussion 
4.1. Width of the vapor plume 
For the investigation of the particle formation during the laser welding under remote conditions, a probe beam 
was directed through the vapor plume. The probe beam extended horizontally with a height of 10 mm over the test 
piece surface. The optical path length of the probe beam through the vapor plume is an important parameter in the 
evaluation. It is equal to the width of the cloud at the respective height. High speed images of the plume formation 
during the laser welding process were analyzed as a means to determine the width of the vapor plume (see chapter 
3.1). Fig. 5 shows the measured average widths of the vapor plume in relation to the laser beam power. The 
averaging refers to the entire weld duration.    
 
Relating to the given parameter range, the results point out that the width of the vapor plume at a height of 
10 mm above the test piece surface increases in relation to the laser beam power. It rises from 8.1 mm at a laser 
beam power of 1 kW to a width of 11.6 mm at a laser beam power of 2 kW. Due to the connection between the 
absorbed laser beam power in the keyhole and the evaporation rate, the increase of the density in the vapor plume in 
dependence on the laser beam power leads simultaneously to a related broadening of the vapor cloud above the 
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material surface. However, considering the connection between the width of the vapor plume and the feed rate, it 
becomes clear that the propagation behaves different, see fig 6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Based on the feed rate interval between 600 mm/min and 1400 mm/min, it is shown that there is not a constant 
increase or a decrease of the width of the vapor plume in dependence of the feed rate. Rather, the results present a 
fluctuating behavior of the width between 9.5 mm and 10.3 mm. 
4.2. Particle formation 
By combining the results of the high speed imaging and the attenuation of the probe beam in the vapor plume, the 
particle formation was investigated. Here, the average particle formation process stood in the foreground. The 
averaging refers to the entire respective welding duration. As a measure for the particle formation, Fig. 7 presents 
the product of the particle density and the average particle volume in relation to the laser beam power. The 
determination follows from equation 7.  
 
 
Fig. 5. Average width of the vapor plume in dependence of the laser beam power at a height of 10 mm above the test piece surface. 
Fig. 6. Average width of the vapor plume at a height of 10 mm above the test piece surface vs. feed rate. 
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Relating to the investigated laser beam power range, it can be seen that the product of the particle density and the 
particle volume does not show a uniform rising or declining behavior. Rather, the product fluctuates up to a laser 
beam power of 1.4 kW. But from a laser beam power of 1.6 kW, the product increases up to a value of 1.9 · 10-7 at a 
laser beam power of 2 kW. A comparison with the analysis of the high speed images of the propagation of the vapor 
plume (see chapter 4.1) illustrates that, although there is an increase in the evaporation rate in dependence on the 
laser beam power, the simultaneous widening of the vapor plume does not lead to a significant increase of N · Vp. 
Fig. 8 shows the product of the particle density and the average particle volume in dependence on the feed rate.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Here, the results indicate a similar run. But in contrast to the dependence of N · Vp on the laser beam power, the 
results point out a fluctuating behavior in the entire parameter range. 
5. Conclusion 
The presented work is concentrated on the investigation of the particle formation during the laser welding of 
stainless steel. For this purpose, experiments with a 2 kW fiber laser were carried out. In order to relate to remote 
processing, no process or assist gas support was used in the interaction zone. In contrast to previous works, the focus 
was concentrated on the direct relation between the particle formation and the process parameter feed rate and laser 
beam power. The results are summarized as follows: 
 
Fig. 7. Product of particle density and average particle volume vs. laser beam power. It was calculated with the measured optical path length of the 
probe beam through the vapor plume and the relative attenuation of the probe beam. 
Fig. 8. Product of particle density and average particle volume in dependence on the feed rate. 
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x Absorption of the incident laser radiation by nanoparticles is a significant interaction mechanism during laser 
remote processing 
x Between a feed rate of 600 mm/min and 1400 mm/min, a change of the feed rate does not significantly influence 
the particle formation during laser welding under remote conditions 
x Relating to a laser beam power higher 1.6 kW, an increase of the laser beam power leads to a rise of the 
influence of the interaction between nanoparticles and the incident laser radiation 
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